Proper alignment of duplicated chromosomes at the metaphase plate involves both motor-driven chromosome movement and the functional and physical end-on connection (K-fiber formation) between the kinetochore and the plus-end of microtubules. The B56 family of protein phosphatase 2A (PP2A) regulatory subunits (B56-PP2A), through their interaction with the mitotic checkpoint protein BUBR1, are required for proper chromosome alignment, but the underlying mechanism(s) has remained elusive. Here, we show that B56-PP2A promotes chromosome alignment primarily by balancing chromosome movement towards the metaphase plate, rather than by directly establishing stable K-fibers. Notably, the poleward movement of chromosomes in cells depleted of the B56 family can be rescued by depletion of HSET (also known as kinesin-14 or KIFC1), a major minus-end-directed motor protein. Strikingly, K-fiber formation can be restored if chromosome movement to the metaphase plate is rescued in B56-depleted cells. Furthermore, the B56-BUBR1 interaction is required for promoting motor-driven chromosome movement towards the metaphase plate. Thus, we propose that B56-PP2A functions in mitotic chromosome alignment by balancing chromosome movement towards the metaphase plate, which is essential for the subsequent establishment of stable and functional kinetochore-microtubule attachments, and mitotic exit.
INTRODUCTION
For proper alignment of duplicated chromosomes at the metaphase plate, initial kinetochore attachment is often mediated by an interaction between the kinetochore and the lateral surface of microtubules (Cai and Walczak, 2009; Foley and Kapoor, 2009; Tanaka and Desai, 2008) . The laterally attached chromosomes initially undergo a rapid poleward motion that requires minus-end-directed microtubule-associated motor proteins (Li et al., 2007; Tanaka et al., 2007; Yang et al., 2007) , and this motion is counteracted by the plus-end-directed motors that guide chromosomes towards the metaphase plate (Kapoor et al., 2006; Stumpff et al., 2012; Wandke et al., 2012) . Upon delivering chromosomes to the metaphase plate (or the plus-end tip of microtubules), stable K-fibers form. This process requires essential microtubule-binding factors, the KMN network (named for the key components KNL1, Mis12 and Ndc80/Hec1) (Cheeseman et al., 2006) , at the kinetochore that directly bind to and stabilize K-fibers in an end-on manner (Fig. 1A , upper panel), whereas erroneously formed K-fibers are destabilized by Aurora-B-mediated phosphorylation of multiple components within the KMN network (Welburn et al., 2010) .
Protein phosphatase 2A (PP2A) is a major cellular serinethreonine phosphatase that forms a heterotrimer in which regulatory 'B' subunits determine the subcellular localization and substrate specificity of the holoenzyme (Virshup and Shenolikar, 2009) . Notably, the B56 subunits (B56-PP2A) recruit PP2A to form a complex with the essential mitotic checkpoint protein BUBR1 at the kinetochore and function redundantly for chromosome alignment (Foley et al., 2011; Kruse et al., 2013; Suijkerbuijk et al., 2012; Xu et al., 2013) . The siRNA-mediated knockdown of B56 subunits leads to massive chromosome misalignment accompanied by increased Aurora-B-dependent phosphorylation of the KMN network components, whereas inhibiting Aurora B partly rescues this chromosome misalignment (Foley et al., 2011; Xu et al., 2013) . Therefore, it has been proposed that B56-PP2A is directly responsible for K-fiber formation by reversing Aurora-B-mediated phosphorylation of the KMN network components. However, PP1 rather than PP2A has been shown to reverse phosphorylation on the kinetochore substrates of Aurora B, including the KMN network components (DeLuca et al., 2011; Lesage et al., 2011; Liu et al., 2010; Posch et al., 2010) . Furthermore, it is possible that the increased phosphorylation of the KMN network components in B56-depleted cells might be secondary to the defect in promoting chromosome movement towards the metaphase plate.
Here, we show that B56-PP2A functions in mitotic chromosome alignment by balancing chromosome movement towards the metaphase plate. This balanced movement is essential for the subsequent establishment of stable kinetochoremicrotubule attachment and mitotic exit, and thus for the maintenance of chromosome stability.
RESULTS AND DISCUSSION
Chromosome misalignment caused by depletion of B56 subunits is different from that caused by inhibition of K-fiber formation If the defect in chromosome alignment in B56-depleted cells was due to an inability to stably attach K-fibers to the KMN network, disruption of the KMN network would lead to chromosome misalignment to a similar degree as depletion of B56 subunits. To test this, we selectively disrupted K-fiber formation by siRNAmediated depletion of NUF2, the essential component in the Ndc80 complex. Depletion of NUF2 in HeLa cells also reduced the protein levels of Hec1 (also known as NDC80; Fig. 1A , lower panel; DeLuca et al., 2002) . As NUF2 is essential for K-fiber formation, depletion of NUF2 markedly increased misaligned chromosomes, with the majority found between the opposite spindle poles (Fig. 1B, panel b) . Consistent with previous reports demonstrating that all B56 genes promote chromosome alignment in a redundant manner (Foley et al., 2011; Xu et al., 2013) , depletion of B56 subunits also caused chromosome misalignment (Fig. 1B, panel c) . However, those misaligned chromosomes were often found near to the spindle poles or between the spindle poles and the cell cortex in B56-depleted cells, indicating more severe chromosome misalignment than in the case of disrupting K-fibers by depletion of NUF2.
To analyze the severity of chromosome misalignment, the relative distance of each kinetochore from the metaphase plate was measured (Fig. 1C, left panel) . The relative distance was defined as the ratio of the distance of each kinetochore from the metaphase plate (a) to the distance between the spindle poles (b). For instance, the relative distance (a/b) of a kinetochore found at the spindle pole would be 0.5. Notably, the average of relative distance of the kinetochores in NUF2-depleted cells (reproduced by two different siRNAs) was ,0.3 (Fig. 1C , right panel; supplementary material Fig. S1A , lower graph). Depletion of other Ndc80 components also showed similar results to depletion of NUF2 (supplementary material Fig. S1A,B) . By contrast, the average relative distance of the kinetochores in B56-depleted cells was .0.3 (Fig. 1C, right panel) . Furthermore, an increased number of kinetochores with a relative distance of .0.5 was observed in B56-depleted cells as compared to NUF2-depleted cells (Fig. 1D) . Although chromosome misalignment could also induce bipolar spindle defects (McClelland et al., 2007) , in monopolar cells generated by treatment with the Eg5 inhibitor Strityl-L-cysteine (STLC), the kinetochore distance from the center of the spindle monopole was also substantially shorter in B56-depleted cells than in either control or NUF2-depleted cells (supplementary material Fig. S1C,D) . Thus, B56-PP2A might promote chromosome alignment through a pathway different from stabilizing K-fibers to the KMN network.
Suppressing the minus-end-directed motor activity of HSET promotes chromosome alignment in B56-depleted cells
The motor-driven chromosome congression pathway becomes essential in cells lacking K-fibers (Cai et al., 2009a; Kops et al., prompted us to determine whether there was a defect in motor-driven chromosome movement (e.g. a relative increase in minus-enddirected force) in B56-depleted cells. Moreover, the levels of plus-end-directed motor kinesin CENP-E at the kinetochores did not change in B56-depleted cells (data not shown). Thus, we focused on the minus-end-directed motor proteins HSET (also known as KIFC1) and dynein by depleting them at the same time as the B56 subunits in HeLa cells. Depleted cells were subsequently treated with the proteasome inhibitor MG132 to cause metaphase arrest. Whereas depletion of B56 subunits caused massive chromosome misalignment, with the kinetochores near the spindle poles, depletion of HSET using two independent siRNAs substantially increased the population of B56-depleted cells with chromosomes aligned at the metaphase plate (Fig. 1E) , similar to what was seen in NUF2 and HSET co-depleted cells (supplementary material Fig. S1E ; Cai et al., 2009a) . These results suggest that B56-PP2A normally promotes chromosome movement towards the metaphase plate. Re-expression of GFPtagged HSET (supplementary material Fig. S2A ) in B56 and HSET co-depleted cells partly reversed the rescue effect on chromosome alignment (Fig. 1F) , excluding the possibility of an siRNA-mediated off-target effect. Furthermore, chromosome misalignment in B56-depleted cells was dependent on the motor activity of HSET, as re-expression of motor-defective HSET-N593K did not promote poleward movement of chromosomes in B56 and HSET co-depleted cells (Fig. 1F) . Collectively, these results suggest that B56-PP2A promotes the motor-driven chromosome movement towards the metaphase plate by antagonizing the minus-end-directed motor activity of HSET. Moreover, the rescue effect was specific to HSET, because depletion of dynein that also resulted in concomitant loss of the intermediate chain IC2 (supplementary material Fig. S2B ; Palmer et al., 2009 ) did not significantly rescue chromosome misalignment in B56-depleted cells (supplementary material Fig.  S2C ).
Loss of K-fibers in B56-depleted cells is secondary to the defect in chromosome movement
If the function of B56 in K-fiber formation is a primary event in promoting chromosome alignment on the metaphase plate, codepletion of B56 and HSET ( Fig. 2A) should not rescue K-fiber formation even after chromosome alignment is completed. Unattached K-fibers depolymerize in the cold, whereas end-onattached K-fibers are cold stable (Rieder, 1981) . Cold-exposed HeLa cells retained K-fiber formation (Fig. 2B, panel a) , whereas depletion of B56 subunits abolished it (panel b). Importantly, co-depletion of HSET and B56 subunits efficiently restored chromosome alignment to the metaphase plate and rescued Kfiber formation (Fig. 2B, panel c; Fig. 2C ). By contrast, comparable depletion of HSET ( Fig. 2A) did not restore Kfibers if the KMN network protein NUF2 was depleted (Fig. 2B,  panels d,e; Fig. 2C ). The presence of K-fibers in B56 and HSET co-depleted cells was further confirmed by immunofluorescence analysis using antibodies against astrin (also known as SPAG5; Fig. 2D ; Shrestha and Draviam, 2013) . Taken together, these results indicate that B56-PP2A is required for chromosome movement towards the metaphase plate, and that loss of K-fibers in B56-depleted cells is secondary to a defect in chromosome movement.
Promoting chromosome movement in B56-depleted cells is sufficient to trigger mitotic exit
To assess whether rescue of the motor dynamics of chromosomes could allow B56-depleted cells to progress through metaphase, cells stably expressing GFP-tagged histone H2B (as a chromosome marker) were followed by live-cell time-lapse microscopy analysis (Fig. 3A,B) . Timed from nuclear envelope break down (NEBD), all control cells exited mitosis in less than ,0.7 h ( Fig. 3B ; supplementary material Movie 1). By contrast, ,80% of HeLa cells depleted of B56 subunits had a prolonged arrest in a prometaphase-like state with massively misaligned chromosomes. Only ,15% of B56-depleted cells completed chromosome alignment and exited mitosis in 15 h (Fig. 3A,B ; supplementary material Movie 2). As reported above, codepletion of HSET with the B56 subunits restored proper chromosome alignment in ,60% of HeLa cells (Fig. 3A,B) . Remarkably, these cells successfully exited mitosis (Fig. 3A,B ; supplementary material Movie 3), again consistent with the restoration of K-fibers by simultaneous depletion of HSET and B56 subunits (Fig. 2B-D) . Of note, overall formation of the metaphase plate took longer in cells co-depleted of B56 and HSET than in control cells (,2 h versus ,0.7 h from NEBD to metaphase exit, respectively) (Fig. 3A,B) , suggesting that B56-PP2A might also partly contribute to efficient K-fiber formation.
Nonetheless, we conclude that B56-PP2A is essential for chromosome alignment by promoting movement towards the metaphase plate, which is sufficient to trigger mitotic exit.
The B56-BUBR1 interaction is required for chromosome movement towards the metaphase plate BUBR1-mediated recruitment of B56-PP2A onto the kinetochore contributes to proper chromosome alignment (Kruse et al., 2013; Suijkerbuijk et al., 2012; Xu et al., 2013) . As depletion of HSET was able to rescue chromosome misalignment in B56-depleted cells, we tested whether the chromosome misalignment seen in BUBR1-depleted cells was also due to the minus-end-directed motor activity of HSET. For this purpose, HSET was depleted together with BUBR1 in HeLa cells (Fig. 4A, left panels) , and the cells were subsequently arrested in metaphase by MG132 treatment. Indeed, co-depletion of HSET and BUBR1 substantially decreased the population of cells with severely Fig. 4 . The B56-BUBR1 interaction is required for chromosome movement towards the metaphase plate. Non-silencing control (Ctl) or HSET-39UTR-specific siRNA (20 nM) was transfected together with BUBR1-specific siRNA (80 nM). Cells were transfected twice with a 24-h interval. At 48 h after initial transfection, cells were treated with MG132 for 3 h and subjected to immunofluorescence analysis using an antibody against a-tubulin and DAPI to visualize the mitotic spindles and chromosomes, respectively. (A) Left, immunoblot analysis confirming siRNA-mediated depletion of BUBR1 and HSET. Right, quantification of chromosome alignment in BUBR1-depleted HeLa cells with or without HSET codepletion (n.100 per each condition). Data show the mean6s.d.; *P,0.05 (Student's t-test).
(B) Quantification of chromosome alignment in BUBR1-depleted HeLa cells re-expressing the indicated LAP-tagged BUBR1 (n.100 cells per each condition). During the second transfection, the indicated expression vectors encoding siRNAinsensitive LAP-tagged BUBR1 were co-transfected. WT, wild type; a.a., amino acids; I/F, Ile to Phe substitution; II/AA, Ile-Ile to Ala-Ala substitution; EATH/AAAA, Glu-Ala-Thr-His to Ala-Ala-Ala-Ala substitution. Scale bars: 5 mm. (C) A proposed model. B56-PP2A functions at the kinetochores (KT) in mitotic chromosome alignment by balancing chromosome movement towards the metaphase plate. This chromosome movement might be promoted by antagonizing the recruitment of HSET to the kinetochores through Hec1, in an Aurora-Bdependent manner.
misaligned chromosomes (Fig. 4A, right panel) . By using BUBR1 point mutants defective in binding to B56 subunits (Xu et al., 2013) , we tested the importance of the B56-BUBR1 interaction in motor-driven chromosome movement. Endogenous BUBR1 was depleted and replaced with GFP-S-tag (LAP)-tagged RNAi-resistant BUBR1 (Fig. 4B) . As shown previously (Xu et al., 2013) , BUBR1 point mutants defective in binding to B56 were unable to rescue chromosome alignment defects in cells depleted of BUBR1 (Fig. 4B, right panel) , although they retained the ability to localize properly to the kinetochores (left panels). Strikingly, depletion of HSET rescued the chromosome alignment defects of BUBR1 point mutants (Fig. 4B, right  graph) , indicating that the B56-BUBR1 interaction promotes chromosome movement towards the metaphase plate.
Because depletion of B56 subunits causes increased phosphorylation of the KMN network components in an Aurora-B-kinase-dependent fashion (Foley et al., 2011) , B56-PP2A has been proposed to promote K-fiber formation by reversing Aurora B phosphorylation at the kinetochores. However, our quantitative analysis revealed that simple inhibition of K-fiber formation cannot account for the massively misaligned chromosomes in B56-depleted cells. Indeed, the chromosome misalignment in B56-depleted cells was rescued by suppressing the minus-end-directed motor activity of HSET, indicating an essential role for B56-PP2A in balancing chromosome motility towards the metaphase plate, possibly by antagonizing chromosome poleward movement. Moreover, unlike directly disrupting the KMN network by depletion of NUF2 (Cai et al., 2009a) , rescuing chromosome movement by co-depletion of HSET and B56 subunits was sufficient to restore both K-fiber formation and their function in mitotic exit. PP1, rather than PP2A, is thought to be the major phosphatase involved in directly stabilizing K-fibers, as PP1 has been shown to reverse phosphorylation on the kinetochore substrates of Aurora B, including the KMN network (DeLuca et al., 2011; Lesage et al., 2011; Liu et al., 2010; Posch et al., 2010) . Notably, blocking KNL1-mediated recruitment of PP1 to the kinetochores markedly compromises the formation of cold-stable K-fibers, but not chromosome congression . Thus, our results favor a model in which B56-PP2A promotes chromosome movement towards the metaphase plate, where chromosomes have a higher probability of establishing PP1-dependent connections with microtubules emanating from both spindle poles.
Our data also indicate that B56-PP2A is a key mediator of BUBR1 in motor-driven chromosome alignment with the following results: (1) artificially targeting B56-BB2A to outer kinetochores was sufficient to promote chromosome alignment in BUBR1-depleted HeLa and BUBR1-mutant MVA cell lines (Suijkerbuijk, et al., 2012; Xu et al., 2013) , (2) co-depletion of HSET rescued the chromosome alignment defects caused by either B56 or BUBR1 depletion and (3) depletion of HSet also rescued the chromosome alignment defects of BUBR1 point mutants that cannot recruit B56-PP2A to the kinetochore. Thus, the B56-BUBR1 interaction at the kinetochore promotes the motordriven congression pathway. Interestingly, in budding yeast, Kar3 (HSET homolog) localizes to the kinetochores (Jin et al., 2012; Tanaka et al., 2005) , and Aurora-B-mediated phosphorylation of Ndc80 promotes the interaction of Ndc80 with Kar3 (Wong et al., 2007) . Moreover, abnormal kinetochore-generated pulling forces have been reported in cells expressing an N-terminally modified Hec1 (Mattiuzzo et al., 2011) , indicating that Hec1 might control kinesin motors (e.g. HSET) at the kinetochores. Indeed, the N-terminal domain of Hec1 bound to the stalk domain of HSET in the mammalian cells (supplementary material Fig. S3A-C) . As depletion of B56 subunits increased the levels of Aurora-Bmediated phosphorylation of Hec1 (supplementary material Fig.  S3D ), B56-PP2A might antagonize the minus-end-directed chromosome movement by inhibiting HSET recruitment to the kinetochore. Nonetheless, promoting chromosome movement by HSET knockdown in B56-depleted cells was sufficient to allow the formation of functional K-fibers and to trigger mitotic exit, suggesting that B56-PP2A functions in mitotic chromosome alignment by balancing chromosome movement towards the metaphase plate (Fig. 4C) .
MATERIALS AND METHODS

Plasmids and siRNAs
Hec1 (amino acids 1-409) and HSET fragments were PCR cloned into pCS2-Myc and pcDNA-HA, respectively. pLAP-BUBR1 and pEGFP-HSET plasmids were as described previously (Suijkerbuijk et al., 2012; Cai et al., 2009b) . Transfection was performed with Lipofectamine 2000 (Invitrogen). The pool of B56-specific siRNA targeted four B56 isoforms: B56a, 59-CAATACAAGTGCCGAATAA-39; B56c, 59-CAG-AAGTAGTCCATATGTT-39; B56d, 59-CAGGAGATTATTCTCACC-AAA-39; and B56e, 59-TTAATGAACTGGTGGACTA-39. Other siRNA sequences are as follows: BUBR1-39UTR, 59-GTCTCACAGATTG-CTGCCT-39; HSET-39UTR, 59-CATGTCCCAGGGCTATCAAAT-39; HSET-CDS, 59-TCAGAAGCAGCCCTGTCAA-39; NUF2, 59-AAGCA-TGCCGTGAAACGTATA-39; NUF2-2, 59-GAACGAGTAACCACA-ATTA-39; Hec1, 59-AAGTTCAAAAGCTGGAUGATCTT-39; Spc24, 59-CTCAACTTTACCACCAAGTTA-39; Spc25, 59-CCACGGTTTATA-ATTAACATA-39; and cytoplasmic dynein heavy chain (DYNC1H1), 59-GATCAAACATGACGGAATT-39. DYNC1H1 smart pool and nontargeting control siRNA were purchased from Dharmacon.
Cell culture and drug treatment
Cells, including those stably expressing GFP-tagged histone H2B, were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS (Thermo Scientific). Drugs used in this study were nocodazole (200 ng/ml, Sigma), S-trityl-L-cysteine (2 mM, Sigma), ZM447439 (3 mM, BIOMOL International) and MG132 (20 mM, Selleck Biochemicals).
Immunofluorescence and time-lapse live-cell imaging
HeLa cells grown on coverglass-bottomed chamber slides (Lab Tek) were fixed with 4% paraformaldehyde (PFA) (Fig. 4) or cold methanol. For the cold-stable microtubule assay, cells were placed on ice for 10 min before fixation with cold methanol. The fixed cells were permeabilized with 0.5% Triton X-100 and exposed to PBS containing 4% bovine serum albumin (BSA) for 1 h. Primary antibodies against the following proteins were diluted in PBS containing 1% BSA and 0.1% Triton X-100; astrin (sc-98605, Santa Cruz; 1:100) and a-tubulin (AA13, Sigma; 1:2000). Anti-centromere antibody (ACA) was from Antibodies Inc.
(1:500). Isotype-specific secondary antibodies (1:2000) conjugated to Alexa Fluor 488 and Alexa Fluor 594 (Molecular Probes) were used. Cells were counterstained with DAPI (Thermo Scientific). Images were acquired at room temperature with 3D-SIM using a Super Resolution Microscope (Nikon) equipped with an iXon EM + 885 EMCCD camera (Andor) mounted on a Nikon Eclipse Ti-E inverted microscope with a CFI Apo TIRF (1006/1.40 oil) objective and processed with the NISElements AR software. For time-lapse live-cell analysis, a stage-top incubation with digital CO 2 mixer (Tokai) was used. Cells stably expressing H2B-GFP were tracked for 14 h at 10 min intervals.
Immunoblotting analysis
Protein extracts were prepared using 4% SDS cell lysis buffer for SDS-PAGE. Primary antibodies against the following proteins were used; B56d (Forester et al., 2007) , NUF2 (ab122962, Abcam), Hec1 (9G3, Abcam), HA (Y-11, Santa Cruz), Myc (9E10, Santa Cruz), HSET (M-63, Santa Cruz), b-tubulin (Abcam) and b-actin (Sigma).
